TNF-related apoptosis-inducing ligand (TRAIL), a member of the TNF superfamily, was suggested to contribute to HIV-1 pathogenesis by inducing CD4 ؉ T cell death characteristic of AIDS. We previously reported HIV-1-mediated, TRAIL-induced apoptosis in primary CD4 ؉ T cells in vitro and observed elevated levels of plasma TRAIL in HIV-1-infected patients. The present study elucidates the unresolved mechanism by which HIV-1 induces TRAIL expression on primary CD4 ؉ T cells. We demonstrate that the expression of TRAIL by primary CD4 ؉ T cells is regulated by IFN-␣ that is produced by HIV-1-stimulated plasmacytoid dendritic cells (pDCs). We also found that IFN-induced TRAIL is mediated by signal transducers and activators of transcription 1 and 2. We show that IFN-␣ production by HIV-1-activated pDCs is blocked by an early viral entry inhibitor of CD4-gp120 binding, but not by inhibitors of viral coreceptor binding. Our in vitro data are supported by the demonstration that anti-IFN-␣ and -␤ Abs inhibit apoptosis and TRAIL expression in CD4 ؉ T cells from HIV-1-infected patients. Our findings suggest a potential unique role of pDCs in the immunopathogenesis of HIV-1 infection by inducing the death molecule TRAIL.
TNF-related apoptosis-inducing ligand (TRAIL)
T NF-related apoptosis-inducing ligand (TRAIL), a TNF superfamily member (1), has two death receptors (DRs) that induce apoptosis (2) (DR4 and DR5) and three other receptors that lack the death domain and engage ligand without initiating apoptosis (3) . TRAIL protein is expressed on the cell membrane (mTRAIL) or is secreted (soluble TRAIL) (1) , and both the soluble and membrane-bound forms induce apoptosis of cells expressing functional DRs (4) . TRAIL may contribute to HIV-1 immunopathogenesis because CD4 ϩ and CD8 ϩ T cells from HIV-1-infected patients are more susceptible to TRAILinduced apoptosis in vitro than T cells from healthy donors (5) (6) (7) . TRAIL induced the selective apoptosis of uninfected CD4 ϩ T cells in HIV-1-infected hu-PBL-NOD-SCID mice (8) . TRAIL, produced by monocytes exposed to the HIV-1 Tat protein, induced apoptosis of uninfected CD4 ϩ T cells (9) . We recently reported that plasma TRAIL levels in HIV-1-infected patients directly correlate with viral load (10) . We also reported that CD4 ϩ T cells exposed to HIV-1 underwent apoptosis by a TRAIL-DR5-dependent mechanism, which was inhibited by anti-type I IFN Abs (11) . These latter results suggest that type I IFN plays a fundamental role in HIV-1-induced TRAIL expression by CD4 ϩ T cells.
Type I IFN (IFN-␣͞␤) has antiviral activity, including activity against HIV-1 (12). IFN-␣͞␤ are produced mainly by plasmacytoid dendritic cells (pDCs) (13) . pDCs are located in blood and lymphoid tissue (13) (14) (15) and participate in innate immune responses against viruses by producing large amounts of IFN-␣, -␤, and - (16, 17) . Interestingly, pDCs secrete type I IFN when stimulated by infectious HIV-1 or chemically inactivated HIV-1 virions (18) . The majority of plasma HIV-1 is not infectious (19, 20) , raising the possibility that such virions contribute to HIV-1 pathogenesis and CD4 ϩ T cell loss, even without mediating productive infection.
The IFN receptor has two subunits, one common with the type II IFN receptor (IFNAR1) and one specific for type I IFN (IFNAR2). IFNAR2 binds type I IFN with high affinity (21) . IFN-␣͞␤ binding triggers receptor dimerization and activation, leading to phosphorylation of a tyrosine residue on IFNAR1, creating a docking site for the signal transducers and activators of transcription (STAT) 2 (22) . STAT2 and STAT1 are subsequently phosphorylated and form heterodimeric complexes (23) . The STAT heterodimer associates with IFN regulatory factor-9, translocates to the nucleus, and binds to the IFN-stimulated gene response element, located upstream from several IFN-regulated genes (24) , including TRAIL (25) .
HIV-1-induced TRAIL expression by primary CD4 ϩ T cells, its dependence on type I IFN, and the cellular source of type I IFN have not been clarified. We demonstrate here that both inactivated and infectious HIV-1 stimulate pDCs to produce IFN-␣, which induces TRAIL expression by CD4 ϩ T cells. These findings provide a unique role for pDCs in TRAIL-mediated apoptosis of CD4 ϩ T cells in HIV-1 infection and progression to AIDS.
Materials and Methods
HIV-1-Infected Patients. Blood was collected from 13 HIV-1-infected patients enrolled in a U.S. Air Force natural history protocol at Wilford Hall Medical Center. Plasma HIV-1 RNA was measured by quantitative RT-PCR; data were expressed as copies per milliliter (Amplicor Monitor, Roche Diagnostics; detection limit 50 copies per milliliter). Patient and control blood were studied under institutional review board-approved protocols and consent forms from the National Cancer Institute and Wilford Hall Medical Center. Ficoll-purified peripheral blood mononuclear cells (PBMC) from patients' blood were cultured 2 d in medium supplemented with 50% autologous plasma in the absence or presence of anti-IFN Abs at 5 g͞ml (Biosource, Camarillo, CA). Cells were tested for apoptosis and TRAIL expression.
infectivity of HIV-1 by AT-2 was verified for the viral preparations used in this article. Microvesicles, isolated from uninfected cell cultures, were used as a negative control (27) .
Isolation and Culture of T Cells and pDCs. All in vitro experiments were performed by using PBMC isolated by density centrifugation from peripheral blood of HIV-1-seronegative blood bank volunteers. Cells were cultured in RPMI medium 1640 (Invitrogen) containing 10% FBS (Sigma) and 1% Pen-Strep-Glut (Invitrogen). CD4 ϩ cells were purified from PBMC by positive selection with anti-CD4 (Miltenyi Biotec, Auburn, CA). The purity of CD4 ϩ cells after purification was Ͼ98%. The pDCs (CD4 ϩ , CD123
ϩ , and BDCA-2 ϩ ) were isolated from PBMC by using the BDCA-2 isolation kit (Miltenyi Biotec). pDCs were removed from positively isolated CD4 ϩ cells by using the same blood dendritic cell antigen-2 kit. Blocking Assay. pDCs were cultured for 24 h with AT-2 HIV-1 in the presence of soluble CD4-IgG (sCD4), which blocks the interaction between envelope gp120 and the CD4 receptor molecule, or in the presence of AMD-3100 (AMD; AIDS Research and Reference Reagent Program) or regulated activation, normal T expressed and secreted (RANTES) (PeproTech, Rocky Hill, NJ), which blocks gp120 binding to the CXCR4 and CCR5, respectively. sCD4, AMD, and RANTES were used at 1 g͞ml. Supernatants of those cultures were tested for IFN-␣ levels, and pDCs were stained by using Abs against CXCR4 or CCR5 (Pharmingen).
Detection of STAT1 and Membrane TRAIL by Flow Cytometry. Isolated CD4 ϩ cells were cultured for 24 h in the absence or presence of AT-2 HIV-1 MN or AT-2 HIV-1 Ada . After two washes, cells were incubated for 20 min at room temperature with phycoerythrinconjugated mouse IgG1 anti-human TRAIL mAb (RIK-2) (eBioscience, San Diego, CA), PercP-conjugated anti-CD4 mAb, APC-conjugated anti-CD3 mAb (BD Bioscience, San Jose, CA), or isotype-matched control Abs (at 5 g͞ml each) in PBS containing 2% mouse serum (Sigma). Cells were washed twice in ice-cold PBS and analyzed by flow cytometry. Intracellular staining was performed for STAT1 detection by using the Fix and Perm kit (Caltag, Burlingame, CA) and STAT1 phosphorylated mAb (BD Bioscience), according to the manufacturer's instructions. FACS analysis was performed on CD3 ϩ CD4 ϩ -gated cells.
Introduction of Abs into Cells.
To introduce Abs into intact cells without permeabilization, we used a Chariot kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions. The procedure was used to introduce blocking Abs to STAT1, STAT2, and͞or isotype control Abs (Upstate Biotechnology, Lake Placid, NY) into primary CD4 ϩ T cells. After a 4-h incubation with chariot reagent complexed to Ab, HIV-1 was added to the cell cultures, and mTRAIL was monitored on CD4 ϩ T cells after 24 h by FACS. We cultured CD4 ϩ T cells with an empty chariot (no Abs, mock) and without HIV-1 as internal negative control. After 24 h, cells were pelleted and lysed [1% Nonidet P-40͞200 mM NaCl͞50 mM Tris, pH 7.5͞protease inhibitor mixture (Roche Diagnostics)]. Total protein was quantified by using bicinchoninic acid (Pierce). Protein samples (10 g) were run on a 15% SDS͞PAGE gel (Bio-Rad). After transfer to a nitrocellulose membrane, blots were blocked in 5% milk͞Tris-buffered saline with triton and then incubated with anti-STAT1 or -STAT2 (Upstate Biotechnology), followed by anti-mouse horseradish peroxidase-conjugated secondary Ab (Jackson ImmunoResearch). Enhanced chemiluminescence was performed, and bands were visualized on Hyperfilm (Amersham Pharmacia). ␤-Actin mAb was used as a loading control (Sigma).
Statistical Analysis. Experiments were repeated at least four times, and P values were determined by using a two-tailed Student's t test. P Ͻ 0.05 was considered statistically significant.
Results

Induction of TRAIL, STAT1, and STAT2 Expression in CD4 ؉ T Cells by HIV.
We tested the effect of recombinant type I IFN on mTRAIL expression by primary isolated CD4 ϩ cells. Both rIFN-␣ and -␤ induced mTRAIL expression on CD4 ϩ T cells (distinguished by gating on CD3 ϩ CD4 ϩ T cells by flow cytometry) (Fig. 1a) . Cells cultured with media alone did not express mTRAIL (control). Exposure of cells to AT-2 HIV-1 MN resulted in expression of mTRAIL on a CD4 ϩ T cell, which was blocked by Abs against IFN-␣͞␤ or IFNAR2 (Fig. 1b) . Similar results were obtained by using infectious HIV-1 particles (data not shown). Because STAT1 and STAT2 are type I IFN-signaling molecules, we studied their expression in CD3 ϩ CD4 ϩ T cells after culture with HIV-1 (Fig. 1c) . HIV-1 exposure did not significantly increase STAT1 expression compared with microvesicles or untreated cells (controls). However, STAT2 levels were increased by exposure of cells to noninfectious HIV-1 MN or HIV-1 Ada . The same results were obtained by using infectious HIV-1 MN or HIV-1 Ada (data not shown). We verified that rIFN-␣ also up-regulated STAT1 and STAT2 expression (positive controls). Anti-IFN-␣͞␤ Abs inhibited STAT2 expression in cells cultured with HIV-1, demonstrating that HIV-1-mediated STAT2 expression was due to type I IFN. Because we did not see increased expression of STAT1 in cells cultured with HIV-1, we used flow cytometry to measure expression of the active form of STAT1, phosphorylated STAT1. Infectious and AT-2 HIV-1 induced high levels of phosphorylated STAT1 on CD4 ϩ T cells compared with controls (P ϭ 0.0001) (Fig. 1d) . To further demonstrate that STAT1 and STAT2 were responsible for TRAIL expression in CD4 ϩ T cells, we used the Chariot system to deliver blocking anti-STAT1, anti-STAT2, or isotype control Abs into the cytoplasm. Both anti-STAT1-and -STAT2-blocking Abs greatly reduced HIV-1-mediated TRAIL expression on CD4 ϩ T cells compared with isotype control Abs (Fig. 1e) . These results demonstrate that HIV-1 induced increased expression of STAT2 and phosphorylation of STAT1, resulting in TRAIL expression by CD4 ϩ T cells. In Fig. 1 , we showed that TRAIL expression by HIV-1-exposed CD4 ϩ T cells depended on type I IFN. Because we used positive selection to isolate CD4 ϩ cells, it is possible that some pDCs, which express CD4, were present in the cultures. Therefore, we studied isolated CD3 ϩ CD4 ϩ T cells and pDCs to distinguish the contribution of these two CD4 ϩ subpopulations to IFN production in response to HIV-1. We found that 0.5-1% of positively selected CD4
ϩ cells in our isolated population were pDCs (CD123 ϩ BDCA-2 ϩ ) (data not shown). To test whether these pDCs were responsible for IFN-␣ production, we first depleted PBMC of pDCs and then performed CD4-positive selection. We reduced the percentage of pDCs in CD4 ϩ cells to 0.03%. The two resulting populations (undepleted or depleted of pDCs) were cultured with AT-2 HIV-1 MN for 24 h. CD4 ϩ T cells expressed mTRAIL only when cultured with AT-2 HIV-1 in the presence of pDCs (Fig. 2a Top) . The depletion of pDCs resulted in the loss of mTRAIL expression on HIV-1-exposed CD4 ϩ T cells (Fig. 2a Middle) . Addition of recombinant IFN-␣ to CD4 ϩ T cells depleted of pDCs (Fig. 2a Bottom) restored mTRAIL expression. Culture supernatants of CD4 ϩ cells undepleted or depleted of pDCs were tested for their IFN-␣ content. The supernatants of cultures that contained pDCs produced much more IFN-␣ than the pDC-depleted cultures (CD4 ϩ T cellspDCs) (Fig. 2b) . It is possible that the IFN-␣ we detected in supernatants of cells depleted of pDCs were due to residual pDCs. To further demonstrate that IFN-␣͞␤ were produced by pDCs and induced mTRAIL expression by CD4 ϩ T cells, we cultured isolated pDCs with AT-2 HIV-1 MN or microvesicles (control) for 24 h. Supernatants from these cultures were added to CD4 ϩ cells depleted of pDCs for an additional 24 h. Supernatants from pDCs cultured with AT-2 HIV-1 MN induced mTRAIL expression by CD4 ϩ T cells, in contrast to supernatants from pDCs cultured with microvesicles (Fig. 2c) . Finally, to demonstrate that type I IFN was required for inducing mTRAIL expression by CD4
ϩ T cells, we cultured isolated pDCs with AT-2 HIV-1 MN and IFN-␣͞␤ blocking Abs. The supernatants of these cell cultures did not induce mTRAIL expression on CD4 ϩ T cells. Thus, the induction of mTRAIL on CD4 ϩ T cells requires IFN-␣͞␤ production by pDCs (Fig. 2c Bottom) . Similar results were obtained by using infectious HIV-1 MN , AT-2 HIV-1 Ada , or infectious HIV-1 Ada (data not shown).
Role of Virus-Cell Interaction in TRAIL Expression by CD4 ؉ T Cells and
Type I IFN Production by pDCs. We tested whether TRAIL expression induced by AT-2 HIV-1 would be inhibited by: (i) sCD4, which blocks the binding of viral gp120 to cellular CD4; or (ii) AMD or RANTES, which blocks gp120 binding to the CXCR4 or CCR5 coreceptor, respectively. Supernatants from cultures of pDCs with AT-2 HIV-1 MN in the presence of sCD4 did not induce mTRAIL on CD4 ϩ T cells (Fig. 3a) . Thus, the binding of gp120 to CD4 is an essential step in this mechanism. In contrast, supernatants from cultures of pDCs incubated with AT-2 HIV-1 MN plus AMD still induced mTRAIL on CD4 ϩ T cells. Furthermore, IFN-␣ production by pDCs exposed to AT-2 HIV-1 was inhibited by sCD4 but not by AMD or RANTES (Fig. 3b  Left) . These results are consistent with a triggering mechanism that depends on early CD4͞gp120-binding events, but which does not require postbinding events such as coreceptor engagement. We verified that AMD and RANTES bound CXCR4 and CCR5, in our experiment, by staining pDCs with anti-CXCR4 or -CCR5 Abs. AMD and RANTES bound CXCR4 and CCR5, respectively, preventing the binding of coreceptor staining Abs (Fig. 3b Right) . We titrated AT-2 HIV-1 MN and showed that IFN-␣ production by pDCs was HIV-1 concentration-dependent (Fig. 3c) . To further test whether binding of viral gp120 or gp160 to cellular CD4 on pDCs was sufficient to induce type I IFN production, we cultured pDCs with gp120 MN , gp120 SF (M tropic), and gp160 MN . None of these preparations stimulated pDCs to produce type I IFN (Fig. 3d) . Because Tat was shown to induce TRAIL production by monocytes (9), we tested the effect of Tat on pDCs. Tat did not induce IFN-␣ production by pDCs even at high concentration (5 g͞ml) (Fig. 3d ). Finally, we tested whether anti-type I IFN Abs inhibited TRAIL expression on CD4 ϩ T cells from HIV-1-infected patients. PBMC from patients were cultured for 2 d in the presence or absence of anti-IFN-␣͞␤ Abs. Cells were then stained for CD4, CD3, and TRAIL and analyzed by flow cytometry. Anti-IFN-␣͞␤ Abs reduced TRAIL expression on CD4 ϩ CD3 ϩ cells in 13͞13 patients tested (10-1,000% reduction, P ϭ 0.001) (Fig.  3e Left) . Abs against IFN-␣͞␤ reduced apoptosis (Annexin V ϩ cells) of CD4 ϩ T cells in 13͞13 patients (10-250% reduction, P ϭ 0.0008) (Fig. 3e Right) . We show seven representative examples in Fig. 3e . Three of the patients illustrated were on highly active antiretroviral therapy (HAART), and four were not. We did not observe any effect of HAART on these parameters. Taken together, these results demonstrate that infectious or noninfectious HIV-1 induce IFN-␣, leading to TRAIL expression on CD4 ϩ T cells in vitro and in an ex vivo model.
Discussion
We show in this article that pDCs produce IFN-␣ after culture with infectious or inactivated HIV-1, and that IFN-␣ production depends on the interaction of viral gp120 with cellular CD4. The resulting IFN-␣ induces STAT1 and STAT2 activation in primary CD4 ϩ T cells, leading to TRAIL expression. Taken together, these results suggest a potential role for pDCs in the immunopathogenesis of HIV-1 infection by inducing expression of the death molecule TRAIL.
A large proportion of plasma HIV-1 particles are noninfectious (19, 20) . Therefore, our findings that noninfectious HIV-1 induce TRAIL expression on uninfected CD4 ϩ T cells underscore the potential role of replication-deficient HIV-1 particles in contributing to HIV-1 immunopathogenesis. Here, we show that noninfectious particles are not inert and can induce type I IFN and TRAIL expression on CD4 ϩ T cells. Furthermore, another report (18) indicated that noninfectious HIV-1 induced pDCs activation and maturation in vitro. Thus, we raise the possibility that CD4 ϩ T cells and pDCs could be potentially activated in patients by HIV-1 particles without resulting in productive infection. Type I IFN signal transduction involves different molecules, including those of the STAT pathway. We demonstrate that after HIV-1 exposure, primary CD4 ϩ T cells expressed phosphorylated STAT1 and overexpressed STAT2, resulting in mTRAIL expression. Abs against IFN-␣͞␤ greatly reduced mTRAIL and STAT2 expression. We showed that both STAT1 and STAT2 are required for TRAIL regulation, because the blockade of either inhibited TRAIL expression on CD4 ϩ T cells. This result indicates that the STAT pathway is involved in TRAIL regulation in primary CD4 ϩ T cells by HIV-1.
Type I IFNs produced by pDCs have been suggested to protect against AIDS progression (28, 29) . However, as with many aspects of the immune response to HIV-1 infection, induction of type I IFN may be a double-edged sword. Our data suggest that pDCs may contribute to CD4 ϩ T cell depletion by producing type I IFN after exposure to HIV-1, leading to TRAIL expression on uninfected CD4 ϩ T cells. We also showed that infectious and noninfectious X4-and R5-tropic HIV-1 virions induce type I IFN production by pDCs, underscoring the potentially broad importance of these cells in HIV-1 immunopathogenesis. We found that HIV-1 induced TRAIL and IFN-␣ production by monocytes, which may contribute to the high levels of both cytokines in patients (10) , despite the reported reduction of blood pDCs in progressive HIV-1 disease (17, 30) . This reduction of circulating pDCs may be due to their redistribution to lymphoid tissue (31) , which could result in IFN production, leading to TRAIL expression by CD4 ϩ T cells and apoptosis of DR5 ϩ CD4 ϩ T cells (11) . This hypothesis is consistent with our finding that HIV-1 induced TRAIL production in ex vivo tonsil cultures (10) . It is possible that the concentration of HIV-1 used in our in vitro experiments is higher than would be detected in blood. However, it is likely that much pathogenesis occurs in the lymphoid tissue where pDCs and HIV-1 are more concentrated than in the circulation.
sCD4 blocked IFN-␣ production by pDCs in response to HIV-1 exposure. Interestingly, our finding that AMD did not significantly inhibit IFN-␣ production suggests that coreceptor binding is not required for HIV-1-induced IFN-␣ production by pDCs. Thus, only the earliest interaction between HIV-1 and CD4 on pDCs is essential for TRAIL production. Our results show that free gp120 or gp160 are not sufficient to induce type I IFN, raising the possibility that the conformation of gp120 on HIV-1 particles or its combination with other envelope molecules may be important (32) . Previous studies suggest that native virion-associated gp120 may be more potent than soluble monomeric recombinant gp120 in inducing effects dependent on authentic interactions with cell surface receptors (33) .
The role of type I IFN in HIV-1 disease is complex and controversial. IFN levels have been reported in blood during acute infection and correlates directly with HIV-1 viremia (34) (35) (36) . Levels of IFN decrease coincident with the development of neutralizing Abs and reduction of viral load. Paradoxically, IFN-␣ reappears in blood during late-stage disease, as an indicator of poor clinical prognosis (34, 35) . IFN-␣ was reported to inhibit HIV-1 replication in vitro (12) and was used for therapy in AIDS patients with Kaposi's sarcoma (37) . However, type I IFN induced in lymph nodes of macaques infected with simian immunodeficiency virus (SIV) did not control viral replication (38) . Our findings indicate that, in addition to beneficial antiviral activity, type I IFN may exert pathogenic effects by inducing TRAIL expression on CD4 ϩ T cells, leading to their apoptosis. Our observation that IFN-␣͞␤ mediate HIV-1-induced mTRAIL expression on CD4 ϩ T cells raises the possibility of considering inhibition of type I IFNs as a potential therapeutic approach. This strategy is consistent with reports that loss of uninfected T cells is induced by IFN-␣ and can be blocked by anti-IFN-␣ Abs (39) . Finally, we showed that Abs against type I IFN inhibited apoptosis and TRAIL expression in CD4 ϩ T cells from HIV-1-infected patients. This result strongly suggests that IFN-␣͞␤ contribute to CD4 ϩ T cell depletion in vivo. Sooty mangabey monkeys do not exhibit apoptosis, CD4 ϩ T cell depletion, or an AIDS-like syndrome when infected by SIV (40) . In marked contrast to rhesus macaques, which develop AIDS, pDCs from Sooty mangabey monkeys do not produce IFN-␣ when exposed to SIV. Nevertheless, the pDCs of Sooty mangabey monkeys produce IFN-␣ in response to other stimuli, suggesting that activation of an IFN-related inflammatory cascade in response to SIV may contribute to the overall immuopathogenesis of SIV infection and, by implication, HIV infection. ʈ The above findings in this natural host species are consistent with our data and hypothesis that type I IFN contributes to HIV-1 immunopathogenesis by inducing TRAILmediated apoptosis of CD4 ϩ T cells.
